In immersion lithography, the air gap that currently exists between the last lens element of the exposure system and the wafer is filled with a liquid that more closely matches the refractive index of the lens. There is a possibility that air bubbles, which represent a refractive index discontinuity, may be present in the liquid within the active exposure region and cause errors in imaging. One potential source of bubble generation is related to the flow of liquid over previously patterned features, or topography, during scanning or filling. This microscale entrainment mechanism is investigated experimentally and analyzed using computational fluid dynamics (CFD) modeling.
INTRODUCTION
Immersion lithography has been proposed as a potential method of extending optical lithography to sub-100 nm feature sizes 1 . This technology relies on the insertion of a fluid that has a large index of refraction relative to air into the gap between the wafer and the final lens of the exposure tool. The increased index of refraction enables the printing of smaller features by effectively increasing both the numerical aperture and the depth of focus of the lens system. In the initial implementation of immersion lithography using 193-nm illumination, water will be used as the immersion fluid.
A prototypical fluid management system for an immersion tool is illustrated in Fig. 1 . The fluid is continuously pumped through dispense ports that are located adjacent to the lens. The water is removed through recover ports that are located outboard of the dispense ports. In this system, fluid passes under the lens due to the wafer motion that is inherent in the scanning process. Note that a water meniscus forms between the lens housing and the wafer; this meniscus is nominally stationary relative to the lens so there is a relative velocity between the meniscus contact line (i.e., the intersection of the meniscus with the wafer) and the wafer as the scanning process occurs. The wafer motion will be oscillatory and characterized by velocities as high as 1 m/s and accelerations as high as two times the acceleration of gravity.
One of the challenges of immersion lithography is the potential existence of bubbles in the fluid. The curved gas/liquid interfaces associated with bubbles and air pockets will reflect and refract the incident light, distorting image patterns and decreasing yield. The relative motion between the contact line and the substrate presents several potential mechanisms for entraining air in the fluid. These include macroscopic mechanisms such as meniscus break-up, filmpulling, and air entrainment, as well as microscopic mechanisms such as flow over wafer topography related to printed features. 2, 3 In this paper, the solid-liquid-gas interface is examined; this region is referred to as the three-phase contact line, or the triple line. The angle between the liquid-gas interface and the solid surface in the absence of any relative motion between the two is called the static contact angle, θ S , illustrated in Fig. 2a .
When the contact line is in motion, the dynamic contact angle, θ D , is different than the equilibrium static contact angle, as shown in Fig. 2b and 2c. The static contact angle provides a baseline for studying the dynamic contact angle and is a necessary boundary condition for computational fluid dynamics (CFD) simulations. Unlike the dynamic contact angle, the static contact angle is a property of a given liquid/surface pair and can be used to characterize the wetting properties of a given surface. The static contact angle hysteresis, or the difference between the advancing and receding static contact angles, which are discussed in detail below, provides an important measure of the nano-and mirco-scale homogeneity of a surface. Thus, it is important in any study of surface wetting, such as the situations inherent to immersion lithography, to characterize the surface using static contact angles.
The dynamic contact angle can vary from 0º to 180º for a given liquid-solid-gas combination depending on the contact line velocity and the direction of its motion relative to the substrate. This variation alone can lead to the macroscopic entrainment of air at the contact line. Voinov's equation 4 can be used to approximately predict the effect of velocity (U, taken to be positive in the advancing case) on the dynamic contact angle:
where H is the half-width of the gap (nominally 0.5 mm for immersion lithography), μ is the viscosity of the fluid, σ is the surface tension, and C is a solution constant that is equal to 1.5 for a slot. In Eq. (1), L s is the slip length, which is related to the inner-scale physics of the meniscus and is typically expressed as μ/β, where the slip coefficient, β -1 , has a value of on the order of 3 × 10 -4 to 10 × 10 -4 cm 3 /dyn-s. 4 The exact value of the slip length has a very small effect on the dynamic contact angle. It is noted that Voinov's equation is strictly valid for vanishingly small Reynolds number flows, whereas a relatively large Reynolds number, on the order of 1000, will characterize the flow conditions expected in immersion lithography. Nevertheless, the correlation provides some understanding regarding the likely impact of substrate motion on the behavior of the meniscus.
Equation (1) contains an important non-dimensional grouping known as the capillary number, Ca, σ μU = Ca ( 2 ) This is essentially a ratio of the viscous forces acting on the fluid near the contact line and the surface tension forces acting at the contact line. Since the surface tension is assumed to be constant in this study, Ca can be thought of as a non-dimensional velocity, scaled according to the forces that are significant to the phenomena of interest.
The macroscopic phenomenon referred to as air entrainment on a flat surface occurs when the substrate moves into the meniscus (towards the liquid side, see Fig. 2c ) with sufficient velocity so that the dynamic contact angle approaches 180º, at which time air is pulled into the liquid at the substrate surface. Equation (1) indicates that for surfaces with static contact angles ranging from 60º to 120º, the velocity required to produce macroscopic air entrainment of this nature exceeds 17 m/s, which is well above the expected substrate velocity for immersion lithography. However, the flow of the meniscus over micro-scale wafer topography may result in air entrainment through a fundamentally different mechanism, shown in Fig. 3 . The contact line may become attached, or pinned, to the edge of a sharp feature, effectively forcing the contact angle towards 180º as the liquid above the attached contact line continues to be pushed forward by the bulk of the flow. The bulk flow may pass over the feature before the meniscus reaches the bottom, leaving an unfilled region in the channel. The filling behavior is dominated by the contact angle; small differences in static contact angle can result in very different behavior. For example, CFD simulations predict that a 1000-nm wide feature that is 500 nm deep will be completely filled if the static contact angle is 60º, but will entrain air if the static contact angle is 75º. 5 This paper describes both experiments and CFD models that have been developed in order to investigate the microscopic entrainment of air at a moving contact line due to surface topography. The conditions for the topography studies and the boundary conditions for the CFD models are determined through experimental surface characterization of the static and dynamic contact angle on resist-coated wafers using representative wafer velocities. The pathological case of flow over micro-scale, sharp-edged features is investigated experimentally and through CFD simulation. No air entrainment was either observed or predicted under conditions that are consistent with those expected for immersion lithography.
STATIC CONTACT ANGLE MEASUREMENTS

Experimental Facility
A schematic of the facility used to measure the static contact angle is shown in Fig. 4a . The test surface (e.g., a resistcoated wafer) is mounted to the platform and the position of the surface can be controlled by horizontal, vertical and rotational translation stages that are affixed to a vibration-isolated optical table. An injection needle is mounted to a second vertical translation stage so that it is perpendicular to the test surface. The dispense process is actuated by a syringe pump that is controlled via a personal computer (PC) through a LabVIEW interface. The syringe pump is used to deposit a precise volume of fluid onto the surface. Images of the droplet are acquired along an axis that is parallel to the test surface using a 1.4 megapixel, digital charge-coupled device (CCD) camera (Model QiCAM, Qimaging, Inc.) that is interfaced with, and controlled by, a PC. The camera has a resolution of 1392 × 1040 pixels and generates a 12-bit digital output. The entire facility is enclosed and can be purged with dry nitrogen or dry air in order to mitigate humidity fluctuations and minimize the number of particles in the test enclosure. The humidity within the enclosure is monitored using a hygrometer, but was found to have no significant effect on the contact angle measurements reported for this study. The drop is illuminated from behind by a 150-W quartz halogen fiber optic light source directed at an opalized glass diffuser.
On an ideal, planar, homogeneous surface, the static contact angle is unique. However, many surfaces exhibit contact angle hysteresis due to physical and/or chemical surface inhomogeneities. A drop on a flat, horizontal surface that is slowly tilted will adopt an asymmetric shape, as shown in Fig. 4b . The leading edge will tend to exhibit a contact angle that is greater than the horizontal static contact angle. The limiting value of this angle, that is, the value just before the drop begins to move, is defined as the advancing static contact angle, (θ A ). Similarly, the trailing edge will tend to exhibit a smaller angle than the horizontal static contact angle. The value of this angle just prior to droplet motion is defined as the receding static contact angle, (θ R ). The difference between the advancing and receding angles is referred to as the contact angle hysteresis and reflects the degree of heterogeneity of the surface. To characterize the degree of contact angle hysteresis and level of homogeneity associated with a wafer surface, a rotational stage was incorporated into the facility depicted in Fig. 4a. 
Test Procedure and Analysis Algorithm
A non-resist coated test surface is prepared for contact angle measurements by cleaning it with a optical surface cleaning solution followed by a methanol wipe. A resist-coated test surface is prepared only by blowing the surface with a dry air nozzle in order to remove particulate contamination. The test surface is then mounted to the platform within the enclosure and a series of images are acquired. For static contact angle measurements, the horizontal translation stage is used to move to an open location on the test surface, then a syringe pump is used to deposit a drop of deionized water through an injection needle at a precise location. The volume of the drops used ranged from 12 to 65 μl, depending on the general hydrophobicity of the surface. For the advancing and receding contact angles, the operator slowly turns the rotating stage control knob, which tilts the platform and test surface. As the surface is tilted, a series of images are acquired along an axis that is parallel to the test surface using the CCD camera. The advancing and receding contact angles are measured using the image that is taken immediately before the drop begins to move. In order to precisely characterize a surface, this process is repeated several times and a series of images is gathered and analyzed.
Images are processed using a custom image processing algorithm developed using commercially available machinevision automation software. The algorithm uses an edge finding technique to locate the two contact points where the drop meets the surface, as illustrated in Fig. 4b . A secondary edge finding operation is performed along lines that are parallel to the line defined by these two contact points in order to locate two points on the edge of the drop that are 10 pixels (~ 200 μm) from the surface. These points, together with the contact points, define lines that are tangent to the drop at the two drop edges. The angles between horizontal and the tangent lines are measured and recorded as the static contact angle for horizontal surfaces. For drops on a rotated surface, the platform tilt angle is subtracted in order to determine the advancing and receding contact angles.
The dominant sources of error related to the contact angle measurement technique are related to the ability of the image processing algorithm to locate either of the two points that are required for the tangent line calculation. An estimation of the error associated with a single image measurement of the contact angle can be examined by assuming a reasonable error in the position of these points (specified in terms of camera pixels). After artificially shifting the points, the slope of the tangent line is recalculated and the change in the contact angle, relative to the nominally measured value, is taken to be the worst-case error. For a typical image, five pixel shifts in the location of either tangent point will change the measurement by less than ±0.6º; multiple image measurements will improve the uncertainty and at least 30 images are used for a typical static contact angle measurement.
Validation and Results
Static contact angle data were acquired on a number of test surfaces, including resist-coated wafers. The results are summarized in Table 1 . The small standard deviation and measurement uncertainty for these measurements shows that the system is capable of making very precise contact angle measurements. The standard deviation is always larger than the theoretical, multiple measurement uncertainty due to surface heterogeneities; recall that each static contact angle measurement is made at a different location on the test surface. It was clear that the image-to-image deviations were in the data and not due to the measurement technique; that is, it was obvious that the contact angle of the droplet did in fact depend on its location on the wafer and the measurement technique was accurately reporting this.
Note that the measured contact angle for the 300 mm wafer coated with TOK TSP-3A topcoat treatment is 117.4º ± 0.08º with a standard deviation of 0.44º (the last entry in Table 1 ). The manufacturer of the topcoat reports a static contact angle of 117º measured with a commercially available optical goniometer.
It is interesting that the hysteresis measurements (i.e., the difference between the advancing and receding contact angles for a given surface) do not strongly correlate with the static contact angle variations. This indicates that the resistcoated wafers have different levels of uniformity on the macroscopic and microscopic scales. The spin-coated wafers are generally macroscopically more uniform than the manually prepared quartz and glass surfaces. However, the large hysteresis numbers suggest that the molecular structure at the resist surfaces is not very uniform.
DYNAMIC CONTACT ANGLE MEASUREMENTS
Experimental Setup
In order to observe dynamic contact angles under quasi-steady flow conditions, it was necessary to build a test facility with a nominally stationary meniscus that could be imaged continuously as a substrate advanced into it. The key components of such a facility are shown in Fig. 5a . Distilled water is injected manually into a gap between a 25.4 mm diameter window suspended above the substrate. The gap height can be precisely set using a digital micrometer and the window holder can be adjusted so that the window and substrate are parallel. The substrate is mounted to an Aerotech ALS10010 translation stage, which is used to control its velocity, displacement amplitude and acceleration ramp time via a computer interface. The total travel of this stage is 100 mm with a maximum speed of 750 mm/s and 20 m/s 2 maximum acceleration.
The substrate is then advanced into the meniscus and a series of side-view images of the meniscus are taken with a digital high-speed camera (IDT, Inc., Model XS3). This CMOS-based camera has a peak resolution of 1280 x 1024 pixels at a frame rate of 650 Hz, with frame rates of up to 32000 Hz possible by acquiring thinner strips of images.
Lighting is achieved with two 150-W quartz-halogen fiber optic light sources. One is used to illuminate the meniscus from the front, while the other is aimed at a reflective surface behind the meniscus, providing back-lighting. The frame rate required increased from 100 Hz to 2000 Hz and the shutter speed required decreased from 0.5 ms to 0.05 ms as the peak substrate velocity was increased from 0.01 m/s to 1.0 m/s. As the substrate velocity increases, the frame rate was increased in order to acquire a sufficient data set in the time associated with the limited travel of the motorized linear stage. Blurring will occur at these higher velocities if a short shutter speed is not used. These settings enabled useful data to be extracted from images with minimal light and high shutter speeds, as the sample image in Fig. 5b shows. This test facility also allows acquisition of large data sets, as the meniscus remains in the field of view of the camera at all times.
The sets of images are batch processed using commercial machine vision automation software. First, the image contrast is enhanced by multiplying each pixel value by a constant, ranging from 3 to 12 depending on the brightness of the image (darker images require a higher multiplier). An edge finding tool is then employed to determine the line that is tangent to the meniscus at the point where it meets the surface. The image multiplier and the contrast settings of the edge finding tool must be adjusted according to image brightness. A digital image processing local averaging filter is sometimes employed to improve contrast for darker images. A 3 x 3 local averaging filter creates a new image by determining each pixel value from an average of the adjacent pixel values in the original image. This also acts to blur any blemishes that might be exaggerated by the multiplier.
The tangent line is defined in a manner that is consistent with both the static contact angle and contact angle hysteresis measurements. The dynamic contact angle is defined as the angle between the substrate surface and the line drawn between the contact point and the point on the meniscus edge 10 pixels (~200 μm) above the surface. Batches of images are processed automatically and the resulting angles are written directly to a spreadsheet file. As the substrate moves into the meniscus at higher velocities, the meniscus may go out of focus due to distortions of the contact line and the images become progressively darker due to the faster shutter speeds. Any data images that are out of focus are rejected.
Results
As 
FLOW OVER STRAIGHT-SIDE WALL TOPOGRAPHY
Experimental Observations
To study the flow over topography in conditions that are relevant to immersion lithography, a fluid dispense and recover system has been constructed. A schematic of the system is shown in Fig. 7 and a photograph is shown in Fig. 8 . This
system allows experiments to be conducted in which a moving wafer mounted on a motorized stage assembly is dragged under a stationary meniscus at velocities up to 1 m/s.
Fluid can be dispensed at flow rates up to 500 ml/min either through the injection needles, through three dispense ports, or both. A fluid recover ring surrounds the lens region and has four connections to a vacuum line which can provide up to 30 in. Hg vacuum. The dispense/recover assembly is positioned over a moving substrate. The CMOS high speed camera is mounted below the assembly and the meniscus is viewed through the glass substrate, as shown in Fig. 8 . The system is supplied with water by a peristaltic pump and a vacuum pump in a continuous closed-loop configuration. Fig. 9a illustrates an image taken after bubbles have been injected into the fluid. Notice even very small bubbles (down to the smallest bubbles that were present, 7.3 μm in Fig. 9a ) are clearly visible. This image verifies the ability of the imaging system to detect air entrainment at the micron scale.
A number of line-space patterns were etched in a quartz substrate; the depth of the grooves were all 0.5 μm whereas the width varied from 1 μm to 2 μm and the pitch varied from 0.6 μm to 10 μm. In terms of the potential for air entrainment, the worst-case pattern on the substrate was the 1 µm wide, 0.5 µm deep lines with 1 µm spacing. Figures   9b and 9c show images of a 600 μm square segment of this pattern just before and immediately after the substrate was pulled under the water meniscus with a velocity of 1.0 m/s. Notice that in Fig. 9c there is no evidence of any air entrainment.
CFD Simulations
The progression of a flow over sharp-edged, vertical-sidewall features with 0.5 μm depth was investigated using CFD modeling via the technique described by Wei et al. 6 As in the experiments detailed above, a contact line velocity of 1 m/s was chosen, since this seems to be an upper bound for contact line motion in immersion lithography systems. As 
CONCLUSIONS
One potential mechanism for the introduction of air into the lens/wafer gap, flow over microscale topography, has been studied here both experimentally and through CFD simulation. The contact angle was identified as a critical input to the entrainment process and therefore it was precisely measured experimentally for the test conditions and surfaces that are relevant to immersion lithography. The flow over a sharp-edged line/space pattern was studied experimentally and via CFD simulations. For the cases studied, air entrainment due to topography was neither observed nor predicted. 
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